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Abstract 
It has been widely considered that the global warming was induced by the increasing atmospheric concentrations of 
carbon dioxide, which has a significant impact on the sustainable development of the human society. Injecting carbon 
dioxide into depleted oil / gas reservoir has been developed to reduce carbon dioxide emission by the sequestration of 
CO2 underground, which is also considered as one promising approach to enhance oil recovery simultaneously. The 
evaluating of CO2 sequestration in oil reservoir needs highly accurate experimental data and models about the 
thermodynamic characters of CO2 + oil mixture. Density is one of key physical characters for simulating the diffusion 
and migration of carbon dioxide under the oil / gas reservoir. Research on volumetric behaviour is helpful to 
understand the expansion of the liquid phases in CO2 + oil mixture.  
In this paper, decane is investigated instead of petroleum because of the similar thermal physical property. The 
measurements have been performed at pressures from 12 MPa to 18 MPa and temperatures from 313.15 K to 343.15 
K at four compositions x1 (x1 is the mole fraction of carbon dioxide) = 0.8690, 0.9135, 0.9430 and 0.9818 by a 
magnetic suspension balance (MSB). The accuracy of the experimental quantities presented in this work are T / K = ± 
0.01, m / g = ± 10-5 respectively. One circulation pump (AKICO, Japan) is equipped to accelerate the dissolution of 
CO2 in decane. Some conclusions can be obtained from the experiment as follow: (1) the dissolution of CO2 increases 
the density of decane, the density of CO2 + decane solution increases with increasing pressure and decreases with 
increasing temperature. (2) the slope of density with respect to pressure increases with increasing CO2 mole fractions 
while the slope with respect to temperature decreases with increasing CO2 mole fractions. (3) the crossover 
phenomenon appears at different compositions and the crossover pressure increases with temperature. (4) the excess 
molar volumes of this binary mixture are negative and show negative increasing with temperature for the data 
reported in this work. The GERG - 2008 model is used to predict density of CO2 + decane solution, which takes 
temperature, pressure, and CO2 concentration into account. An empirical equation is also used to predict the density 
of this binary mixture. The predictions show that the empirical equation is in good agreement with the experimental 
data over the experimental range. The measurement and the model used in this work supplies the basic experimental 
data and theoretical analysis to CO2 sequestration and enhance oil recovery. 
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1. Introduction 
In recent years, carbon dioxide (CO2) + hydrocarbon systems are of interest in EOR (enhanced –  oil – 
recovery) applications where carbon dioxide is used as a miscible flooding agent to displace oil from a 
reservoir [1]. It also been considered as a promising option for reducing carbon dioxide emission and 
mitigating climate change. Phase compositions, densities, viscosity and the interfacial tension of these 
systems are required for simulation of petroleum reservoir and for design of separation process. The 
development of methods for predicting fluid properties of these mixtures depends on the reliability of 
experimental data. At the same time, accurate thermodynamic data of CO2 + hydrocarbon mixtures such 
as volumetric properties and phase equilibrium are of great significance in the chemistry and 
biotechnology areas, and it is also important for the development and validation of thermodynamic 
models. Carbon dioxide in combination with hydrocarbons is an attractive supercritical solvent [2, 3], so it 
is important to know the phase behaviour of these systems within the range of working pressures and 
temperatures. 
Density has been used as an essential property during the carbon dioxide displacement process. For 
carbon dioxide injection projects, it has been well recognized that the injection of carbon dioxide will 
cause the flowing of petroleum due to the increase of density. It obviously that the density of CO2 + 
petroleum varies greatly with conditions under oil reservoir, such as temperatures, pressures and the 
concentration of carbon dioxide. So it's necessary to investigate the impact on density change of CO2 + 
hydrocarbon mixtures, which could determine the flowing of the petroleum under oil reservoir. As far as 
we know, the compositions of petroleum are very complicated and the kinds of light, medium and heavy 
oil are also diverse. To improve our understanding of the process of miscible displacement reservoir oils 
by carbon dioxide injection (oil recovery enhancement), a better knowledge of model system would be 
helpful. Thus, it is necessary to select representative oil to research instead of petroleum. Decane is a 
typical component of petroleum which is available as a high – purity, ambient - temperature liquid, so it 
makes a good choice for a model system.  
Several density measurements are conducted on CO2 + decane binary mixture. Cullick and Mathis [4], 
Bessiéres et al. [5] and Fand no et al. [6] measured the densities of CO2 + decane mixtures with the entire 
CO2 concentrations range by vibrating tube densimeter. Polikhronidi et al. [7] measured the densities of 
CO2 + decane mixtures at nine near - critical liquid and vapour densities by using a high - temperature, 
high - pressure, nearly constant volume adiabatic calorimeter. Nagarajan et al. [8] and Shaver et al. [9] 
published the liquid and vapour densities of CO2  decane mixtures at phase equilibrium. But the density 
of this mixture with high CO2 concentration is still scarce and the consistency of these data at high CO2 
concentrations should be checked with more of experimental data. As we know, the development of 
methods for predicting fluid properties depends on the reliability of good experimental data. So it is 
necessary to perform more accurate measurement for CO2 + decane mixtures with high CO2 
concentration. In this work, measurements of density for CO2 + decane mixtures are performed using 
magnetic suspension balance at temperatures from 313.15 K to 343.15 K and pressures from 12 MPa to 
18 MPa at x1 = 0.8690, 0.9135, 0.9430 and 0.9818. The GERG - 2008 model was used to predict the 
density of CO2 + decane mixtures but the relative deviation is not very good for the higher CO2 
concentration. In addition, an empirical equation of state was tested by the measured density and found in 
agreement with each other.   
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2. Experimental Section 
Materials. The CO2 and N2 are supplied by Dalian Da-te Gas Ltd with a nominal mole purity of 99.999 
% and 99.99 % respectively. Both of them are used for density measurement without further purification. 
Decane is supplied from TCI with purity of a nominal purity of 99.1 %.  
Apparatus and Procedure: The experimental apparatus is shown in Fig 1. The magnetic suspension 
balance (MSB) in our laboratory manufactured by Rubotherm Präzisionsmesstechnik GmbH operated in 
the temperature range (253 to 423) K and pressure up to 20 MPa. The core units of MSB consist of a 
measuring cell, a permanent magnet, an electromagnet, a microbalance. The measuring cell is used to 
expose sinker to gas / liquid at different temperatures and pressures. The electromagnet maintains a freely 
suspended state of the suspension magnet via an electronic control unit. The permanent magnet is located 
within the measuring cell and connects with sinker by the load decoupling device. The microbalance is 
isolated from the measuring cell and exists at ambient conditions. There are two different vertical 
positions possible of MSB. The zero-point position (ZP) represents the unburdened balance and the 
measuring-point position (MP) represents the weight of measuring position.  
  The temperature in the measurement is controlled with a double-walled thermostatic jacket, which fits 
exactly around the measuring cell. The jacket was filled with circulating oil, whose temperature was 
controlled with a JULABO FP 50 - ME Refrigerated / Heating circulator. The temperature was measured 
with a Pt 100 temperature probe (with an accuracy of ± 0.1 K) located in the measuring cell. The pressure 
was measured with a pressure sensor (20 MPa, reproducibility 0.08 %) located in a measuring gas 
connection tube by means of T-piece. The resolution in the mass of MSB in our work is 10-5 g. 
 
 
 
Fig. 1. Schematic diagram of experimental apparatus. 
Besides, there are some important points should be noted. Sinker used in this work is made of platinum 
which could work at elevated temperature and pressure conditions. During the experimental process, a 
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calculating pump (AKICO, Japan) was equipped to accelerate the dissolution of CO2, which could keep 
the uniform state of the solution and save much time. At a constant temperature, the experimental 
pressure was adjusted by changing the volume of a piston container connected between MSB and a piston 
pump. The piston containers and piston pump are supplied by JiangSu HuaAn Scientific Instruments 
Company, and their working conditions could satisfy requirement of measurement. The basic principle of 
density measurement use MSB is Archimedean principle and the details are stated in Zhang [10]. 
3. Results and Discussions 
Experimental densities. The measured densities of CO2 + decane solution are performed at four 
different CO2 concentrations (x1 = 0.8690, 0.9135, 0.9430 and 0.9818). Each data point is obtained from 
the average of twenty measurements or more. The experimental results are plotted as a function of 
pressure and temperature for different CO2 concentrations at 313.15 K, 323.15 K, 333.15 K and 14MPa, 
16MPa, 18MPa in Figs 2 and 3. The density of decane and CO2 are taken from NIST (National Institute 
Standard Technology). As shown in Fig 2, at a constant temperature, the density of CO2 + decane 
mixtures increases with increasing pressure and the slope of curves increase with increasing CO2 mole 
fractions. The dissolution of CO2 increases the density of decane solution at 313.15 K, while at 323.15 K 
and 333.15 K, some of the densities of CO2 + decane solution lower than that of decane at x1 = 0.9818 in 
Fig 2. The reason may be that the density of CO2 is lower than that of decane at 323.15 K and 333.15 K 
when pressure lower than a certain value. The density of CO2 + decane decreases with increasing 
temperature as shown in Fig 3 and the slope of density with respect to temperature decrease with 
increasing CO2 concentration. As we can see, the crossover appears at different compositions for the 
different slope Figs 2 and 3 and the crossover pressure increase with temperature (Fig 2). 
 
 
Fig. 2.  Density of CO2 + decane mixtures versus pressure at different temperatures: T: a, 313.15 K; b, 323.15 K; c, 333.15 K; , x1 = 
0; , x1 = 0.8690; , x1= 0.9135; , x1 = 0.9430; , x1 = 0.9818; , x1 = 1. 
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Fig. 3. Density of CO2 + decane mixtures versus temperature at different pressures: P: a, 14 MPa ; b, 16 MPa; c, 18 MPa. , x1 = 0; 
, x1 = 0.8690; , x1= 0.9135; , x1 = 0.9430; , x1 = 0.9818; , x1 = 1. 
The measured results are also plotted as a function of CO2 mole fraction at different pressures in Fig. 
4. The densities of CO2 + decane mixtures increase with increasing CO2 concentration firstly and then 
decrease at higher CO2 concentration and temperature. And the temperatures that the density starts to 
drop are not the same at different pressures. For example, the density of CO2 + decane increases from x1 = 
0.8690 to x1 = 0.9135 and decreases from x1 = 0.9135 to x1= 1 at 313.15 K and 323.15 K for 14 and 16 
MPa respectively. While at 18 MPa, the density increases from x1 = 0.8690 to x1 = 0.9340 and decreases 
from x1 = 0.9430 to x1= 1 at 313.15 K. The decrease of density becomes more obvious with increasing 
CO2 concentration and increasing temperature. The reason maybe that the property of CO2 + decane 
mixtures is similar with CO2 and the density change of CO2 is evident at higher temperature relatively. 
 
 
Fig. 4. Density of CO2 + decane mixtures versus CO2 concentration at different pressures P: a, 14 MPa; b, 16 MPa; c, 18 MPa; , 
313.15 K; , 323.15 K; , 333.15 K; , 343.15 K. 
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Excess Volumes (Mixing Excess Values of Volumes) The excess volumes are determined at any 
given pressure and temperature according to the relation: 
 
)VxV(x- 2211m
mixE VV                                                                                                            (1) 
Where x and V are the mole fractions and molar volumes, 1 and 2 represent CO2 and decane. V
mix is 
the molar volume of mixture. The excess molar volume of mixture is plotted as function of CO2 mole 
fraction at different temperatures at 14 MPa, 16 MPa and 18 MPa in Fig. 5.As it can be seen the excess 
molar volumes of the mixture are all negative at the temperature and pressure range we reported. At a 
constant pressure, the excess molar volume displays negative increase with increasing temperature which 
was already observed for other binary mixtures [11, 12]. And the differences between two adjacent 
temperatures become larger with increasing temperature. It should be note that the decane is not in 
supercritical conditions over the whole temperature range whereas CO2 is supercritical above 304.1 K and 
7.38 MPa [5]. Therefore, from a thermodynamic point of view, the values of excess molar volume 
obtained from Equation (1) do not correspond exactly to an excess property because the CO2, the 
mixtures, and decane are not in the same state for most of the P, T conditions.  
 
 
Fig. 5. Excess molar volume of CO2 + decane mixtures versus CO2 concentration at different pressures P: a, 14 MPa; b, 16 MPa; 
c, 18 MPa; , 313.15 K; , 323.15 K; , 333.15 K; , 343.15 K. 
Calculation from GERG - 2008 and an empirical model In this work, the densities of CO2 + decane 
mixtures are predicted by the GERG - 2008 model and an empirical model. The GERG - 2008 model was 
developed by the Group Européen de Recherche Gazières, which was mainly about the thermodynamic 
properties of mixtures containing natural gas components. It covers the entire fluid region (the 
homogeneous gas, liquid, supercritical region, and liquid - vapour phase boundaries) of natural gas 
mixtures including the 21 most relevant components. The details of the GERG - 2008 model are stated in 
Kunz and Wagner [13].  
The empirical model proposed by Zúñiga-Moreno et al. [14] was also used for calculating the density 
of CO2 + decane mixtures as the following equation: 
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Where ci are adjustment coefficients and it can be obtained by fitting experimental data of the different 
compositions of the mixtures. P and T are the pressure and the temperature respectively. The parameters 
of the empirical model for our data are fitted in this work, which are listed in Table 1. The AAD (absolute 
average deviation) values calculated with these two models are also listed in Table 1. It found that the 
AAD predicted by these two models increase with increasing CO2 concentration and the empirical model 
are better than GERG – 2008 model in general. 
Table 1. Parameters of Equation (2) for data reported in this work and AAD% predicted by different models 
 x1 = 0.8690 x1 = 0.9135 x1 = 0.9430 x1 = 0.9818 
c1/MPa·kg-1·m3 0.013510 0.0146565 0.011411 -0.006704 
c2/ kg-1·m3 1.111321×10-3 1.074787×10-3 1.046760×10-3 1.157977×10-3 
c3/MPa 141.764 -9.839 -488.349 -237.043 
c4/K·MPa -33867.277 -11714.876 66028.449 29397.716 
c5/MPa·K1/3 1634.687 120.487 -4794.189 2203.292 
AADa% 0.1507 0.2050 0.1890 0.4618 
AADb% 0.8570 0.8679 1.2207 3.8883 
“a” represents the AAD% predicted by the empirical equation of state, “b” represents the AAD% predicted by GERG-2008. 
The relative deviations of the two models are plotted in Fig 6. As we can see, good agreement is found 
for experimental data and results predicted with the empirical model. The results in Fig 6 (b) show that 
the relative deviations of the empirical model are distributed in ± 0.5 % at x1 = 0.8690, 0.9135 and 0.9430 
while the relative deviations of x1 = 0.9818 are mostly distributed in ± 1 %. For the GERG - 2008 model, 
the relative deviation of density could reach up to 13.29 % at x1 = 0.9818 as shown in Fig 6 (a).  
 
  
  (a)                                                                                    (b) 
Fig. 6. Relative Deviations calculated with GERG-2008 and the empirical models at 313.15 K to 343.15 K: , 12 MPa; , 14 
MPa; , 16 MPa; , 18 MPa. Closed and open symbols are for deviations predicted by GERG-2008 equation and the empirical 
model. (a) the relative deviations predicted with these two models ; (b) the relative deviations calculated with the empirical model.  
4. Conclusions 
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In this work, density of CO2 + decane solution with high CO2 concentrations are measured at 
temperatures from 313.15 K to 343.15 K, pressures from 12 to 18 MPa and x1 = 0.8690, 0.9135, 
0.9430,0.9818. A general trend in the excess molar volumes can also be obtained. Densities of CO2 + 
decane mixtures are predicted by the GERG - 2008 equation and an empirical model. Good agreement is 
found for the measured densities with those calculated with the empirical equation.  
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